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Heterostructures are attractive for advanced energy storage devices due to their rapid charge 
transfer kinetics, which is of benefit to the rate performance. The rational and facile construction 
of heterostructures with satisfactory electrochemical performance, however, is still a great 
challenge. Herein, ultrafine hetero-CoO/Co3S4 nanoparticles embedded in N-doped carbon 
frameworks (CoO/Co3S4@N-C) are successfully obtained by employing metal-organic 
frameworks as precursors. As anodes for sodium ion batteries, the CoO/Co3S4@N-C electrodes 
exhibit high specific capacity (1201.2 mA h g-1 at 100 mA g-1) and excellent rate capability 
(over 400 mA h g-1 at 5 A g-1), which may be attributed to their enhanced electric conductivity, 
facilitated Na+ transport, and intrinsic structural stability. Density functional theoretical 
calculations further confirm that the thus-constructed heterostructures induce electric fields and 
promote fast reaction kinetics in Na+ transport. This work provides a feasible approach to 
construct metal oxide/sulfide heterostructures towards high-performance metal-ion batteries.  
1. Introduction 




energy storage devices. Even though lithium ion batteries (LIBs) were successfully 
commercialized by the Sony Company in 1991, the short supply of lithium resources is still the 
main obstacle for grid scale applications. Sodium ion batteries (SIBs) have been considered to 
be an alternative candidate to LIBs owing to their obvious advantages of abundant sodium 
resources and low cost.[1, 2] Their potential application is still a great challenge, however, 
because of the absence of available Na-host materials with high specific capacity, fast charge-
discharge capability, and long cycling stability, especially for anode materials.[3, 4]  
Recently, various anode materials such as carbon-based, alloy-based, and metal oxide and 
sulfide materials, have been investigated for SIBs.[5, 6] Among these reported anodes, metal 
oxides and sulfides have risen to prominence owing to their high power densities.[7, 8] Cobalt 
oxides and sulfides possess high theoretical capacities based on their conversion reactions (eg. 
715 mAh g-1 for CoO, 890 mA h g-1 for Co3O4, 589 mA h g
-1 for CoS, 702 mA h g-1 for Co3S4, 
and 872 mA h g-1 for CoS2).
[9, 10] In addition, their advantages of abundance, low cost, and eco-
friendliness make them promising as anode materials. Their intrinsic poor electrical 
conductivity limits their electron transport, however, thus leading to low specific capacity and 
sluggish electrochemical kinetics. Moreover, their severe volume changes during the charge-
discharge process could cause electrode pulverizations, thus resulting in unsatisfactory cycling 
stability.  
  To address the above concerns, numerous strategies, such as designing nanostructures,[11-13] 
introducing a carbon-matrix,[14-17] and constructing novel heterostructures,[18-20] have been 
widely applied. Additionally, it is expected that satisfactory electrochemical performance can 
be achieved through combining the above strategies. Recent studies of heterostructures such as 
MoS2/WS2,
[21] three-dimensional (3D) Co3O4@Co3S4,
[22] and SnS/SnO2
[23] have been reported 
with boosted rate performance and improved cycling stability. Their superior sodium storage 
performance could be attributed to the enhanced charge transfer kinetics of the heterostructures, 




heterostructures with carbon matrix, however, normally requires complex operations. It was 
demonstrated that metal-organic framework (MOF) derived carbon, metal oxide/C and metal 
sulfide/C can successfully inherit the frame construction of the precursors and offer the 
configuration of nanoparticles embedded in graphitic carbon.[24-26] For example, Yu’s group 
prepared Co9S8 nanoparticles embedded in graphitic carbon nanocages by annealing zeolitic 
imidazolate framework-67 (ZIF-67) in H2 atmosphere followed by a sulfidation process and 
obtained good sodium storage properties.[27] To the best of our knowledge, MOFs derived metal 
oxide/metal sulfide heterostructures have not been reported before.  
  Herein, in the light of past findings on interfacial engineering, we have fabricated hetero-
CoO/Co3S4 nanoparticles embedded in N-doped carbon frameworks (CoO/Co3S4@N-C). 
Owing to the ultrahigh porosity and tunnel structures of MOFs, Co3S4 can be homogenously 
embedded in a ZIF-67 framework. In addition, the followed annealing process in-situ produces 
a carbon coating layer and CoO/Co3S4 heterointerfaces. The rational marriage of active 
materials and integral carbon frameworks may help to improve the ultrafast electron diffusion 
and sodium transportation capabilities of the composite, endowing it with high specific capacity 
(1021.2 mA h g-1 at 100 mA g-1) and excellent rate capability (428.0 mA h g-1 at 5 A g-1) as 
anode for SIBs. In addition, density functional theory (DFT) calculations offer us in-depth 
understanding regarding the fast ion transportation in this composite in terms of hetero-interface 
construction. It is expected that the smart design and fabrication strategy can be expanded to 
the development of other heterostructures for energy storage materials. 
 
2. Results and discussion 
2.1. Synthesis of the CoO/Co3S4@N-C heterostructures 
The synthesis procedure for the CoO/Co3S4@N-C heterostructures is schematically illustrated 
in Figure 1a. Firstly, Co3S4/ZIF-67 precursor was synthesized by a one-pot solvothermal 




Supporting Information). The characteristic absorption bands for ZIF-67, Co=S bonds, C=N 
bonds, C-H bonds, and Co-N bonds in the Fourier transform infrared (FTIR) spectrum (Figure 
S1b) further confirm the coexistence of Co3S4 and ZIF-67 in the precursor.
[28-30]. In this process, 
monodispersed ZIF-67 nanopolyhedra less than 1 µm were initially formed at room temperature 
and then sulfur ions were released from TAA and attached on the surface of ZIF-67 particles at 
high temperature. Then sulfur ion tended to exchange organic ligands to form Co3S4 because 
the bond energy of Co-S is much stronger than coordinate bond. Thus, the obtained Co3S4/ZIF-
67 (Figure S2g-i) inherents the skeleton of ZIF-67 (Figure S2a-c), which is quite different from 
the cases of pure Co3S4 (Figure S2d-f). In this process, the concentration of 2-methylimidazole 
was adjusted, because it helps to tuning the kenitics and degree of the ion exchange reaction. 
TGA measurements of Co3S4, ZIF-67 and Co3S4/ZIF-67 precursor display that ZIF-67 can be 
easily decomposed at ~450 0C and Co3S4 still keeps stable (Figure S3). Thus, secondly, the 
Co3S4/ZIF-67 precursor was annealed in Ar atmosphere at 450 
oC for 3 h to obtain hetero-
CoO/Co3S4 nanoparticles embedded in N-C composite. When the molar ratios of the Co source 
to 2-methylimidazole were set to 1:24, 1:36 and 1:48, the corresponding products were denoted 
as CoO/Co3S4@N-C-24, CoO/Co3S4@N-C-36, and CoO/Co3S4@N-C-48, respectively. 
Obviously, the construction of ZIF-67 and the sulfuration process proceed simultaneously, 
which can realize the in-situ insertion of cobalt sulfide into the ZIF-67 framework, thus 
resulting in the formation of CoO/Co3S4 interfaces and the homogeneous dispersion of hetero-
CoO/Co3S4 nanoparticles in the N-C matrix in the annealling process. 
2.2. Characterizations of the CoO/Co3S4@N-C heterostructures 
In the X-ray diffraction (XRD) patterns of the CoO/Co3S4@N-C composites, all the diffraction 
peaks can be indexed to Co3S4 (JCPDS No. 19-367) and CoO (JCPDS No. 78-431), indicating 
the formation of hetero-CoO/Co3S4@N-C composite (Figure 1b). It is observed that the as-
prepared CoO/Co3S4@N-C possesses a broad half peak width, suggesting their small crystal 




coordination environment of metallic centers and also provide steric hindrance for potential 
agglomeration during pyrolysis process, which may cause the crystal growth along different 
directions and expansion of the interlayer distance in partial crystal plane of Co3S4 and CoO.
[31] 
Thus, from the XRD patterns, the (200) and (222) of CoO is not obviously observed in 
CoO/Co3S4@N-C-48. To investigate the electronic states and quantitative surface elemental 
analysis of Co, O, C, N, and S elements in the CoO/Co3S4@N-C composites, X-ray 
photoelectron spectroscopy (XPS) measurements were conducted. As shown in Figure S4, Co 
2p, O 1s, C 1s, N 1s, and S 2p orbitals were detected in all CoO/Co3S4@N-C samples. The 
atomic ratio of each element is listed in Table S1. The XPS spectra of Co 2p, S 2p and C 1s in 
CoO/Co3S4@N-C-36 were further analysized. In the Co 2p region (Figure 1c), two core peaks 
related to Co 2p3/2 and Co 2p1/2 levels are obtained, and the spin-orbit splitting is found to be 
15.2 eV, suggesting the existence of Co2+ and Co3+ ions. The pair of peaks located at 777.6 and 
792.8 eV can be assigned to Co3+, and the pair at 780.9 and 796.2 eV can be assigned to Co2+ 
ions, respectively.[32, 33] The two broad peaks at 786.3 and 802.4 eV are related to the satellites. 
The as-obtained binding energies of Co 2p3/2, Co 2p1/2, and the two shake-up satellites are in 
good agreement with the reported characteristic peaks of Co3S4 and CoO.
[34-37] The existence 
of Co3S4 can be further verified by the two evident S 2p peaks at 162.5 eV (S 2p1/2) and 161.2 
eV (S 2p3/2) (Figure 1d).
[38] Two peaks at 168.2 and 169.1 eV can be observed, which 
correspond to the O=S=O and SO4 bonds, respectively, suggesting that there are chemical 
couplings between the CoO and Co3S4 in the composite.
[39] The C 1s spectrum (Figure 1e) 
exhibits a main peak at 284.8 eV, suggesting the formation of sp2 hybridized graphitic structure. 
This carbon structure can effectively improve the electro-conductivity of the samples, which is 
beneficial for fast electron transfer throughout the structural framework.[38] Another peak 
appearing at ~285.6 eV can be attributed to carbon atoms bonding with oxygen or nitrogen, 
suggesting the presence of C–O and C–N bonds in the carbon matrix.[39]  




further detail. The scanning electron microscope (SEM) image shown in Figure 2a reveals that 
CoO/Co3S4@N-C-36 composite could inherit the uniform polyhedral structure of the precursor. 
The SEM image (Figure 2b) of cracked polyhedra verifies their hollow structure with a thin 
shell of ~20-30 nm. The transmission electron microscope (TEM) images present that the 
polyhedra shell is constructed from ultrafine nanoparticles (Figure 2c and 2d). The high-
resolution (HRTEM, Figure 2e) image confirms that the nanoparticles are hetero-CoO/Co3S4 
and less than 10 nm in size. A set of lattice fringes with a d-spacing of 0.25 nm can be indexed 
to (111) planes of CoO. The clear lattice fringes with d-spacings of 0.28 and 0.52 nm correspond 
to the (311) and (111) planes of Co3S4, respectively. Obviously, each nanoparticle is closely 
coated by carbon layers about 1-2 nm in thickness. Selected-area electron diffraction (SAED) 
analysis presents a pattern of several concentric circles, implying a polycrystalline characteristic 
for the hetero-CoO/Co3S4@N-C (Figure. 2f). The energy-dispersive X-ray spectroscopy (EDS) 
elemental mapping results also indicate the homogeneous distribution of the elements Co, S, O, 
C, and N throughout the framework (Figure 2g-2l). The hollow CoO@N-C composite was 
prepared by annealing pure ZIF-67 precursor at 530 oC for 5 min (Figure S5a), and the 
morphology is in good agreement with previous report (Figures S6a, and S6b).[40] The Co3S4 
precursor was also annealed, and it still keeps its original morphology (Figures S5b, S6c and 
S6d). Figure S7 reveals that both the CoO/Co3S4@N-C-24 and the CoO/Co3S4@N-C-48 
samples possess uniform hollow structures. Interestingly, it is observed that, with increasing 2-
methylimidazole, the skeleton of the products tends to change from round spheres to angular 
polyhedra. Moreover, the particle size of CoO/Co3S4@N-C-48 is much smaller than 
CoO/Co3S4@N-C-24. Based on the ICP and element analysis results, the chemical composition 
of CoO/Co3S4@N-C-36 are 74.65 wt.% Co3S4, 12.51 wt.% CoO, and 12.84 wt.% N-C. As 
shown in Table S2, the contents of CoO and N-C increase from CoO/Co3S4@N-C-24 to the 
CoO/Co3S4@N-C-48. However, the diffraction peak intensities are not so strong in the XRD 





  To evaluate the specific surface area and porosity of the as-prepared samples, nitrogen 
adsorption-desorption isotherm and Barrett-Joyner-Halenda (BJH) pore-size analysis were 
conducted (Figure S8). Based on the IUPAC classification, the isotherms of the samples 
present a typical type IV isotherms, illustrating the existence of mesopores. It is revealled that 
the Brunauer-Emmett-Teller (BET) surface areas for CoO/Co3S4@N-C-24, CoO/Co3S4@N-C-
36, CoO/Co3S4@N-C-48 and pure Co3S4 are 23.4, 26.8, 39.3 and 18.7 m
2 g-1, respectively, 
which are much lower than CoO@N-C (91.5 m2 g-1). Their average pore sizes of the samples 
are 3~7 nm, indicating the porous structure of the as-prepared samples. Their hollow structures 
with high porosity and favorable high specific surface areas may endow the CoO/Co3S4@N-C 
heterostructures with large active-material contact areas with the electrolyte and short Na+ 
diffusion distances during the charge-discharge process.  
2.3. Electrochemical performance of the CoO/Co3S4@N-C heterostructures 
Figure 3a shows the cyclic voltammetry (CV) profiles of the CoO/Co3S4@N-C-36 electrode at 
the scan rate of 0.1 mV s-1 from 0.01 V to 3.0 V (vs. Na+/Na). The peak appearing at 0.5 V in 
the first cathodic process could be assigned to the conversion reactions transforming Co3S4 and 
CoO to Co metal, accompanied by the electrochemical formation of Na2S and Na2O
[41]: 
𝐶𝑜3𝑆4 + 8𝑁𝑎
+ + 8𝑒− = 3𝐶𝑜 + 4𝑁𝑎2𝑆
                        (1) 
𝐶𝑜𝑂 + 2𝑁𝑎+ + 2𝑒− = 𝐶𝑜 + 𝑁𝑎2𝑂
                                   (2) 
 In the anodic scan, the strong oxidation peak appearing at around 1.89 V could have originated 
from the reverse reaction of Co with Na2S and Na2O.
[42, 43] From the second cycle, three 
prominent peaks were observed at around 0.40, 0.73, 0.88 and 1.26 V, which could be assigned 
to the multi-step reactions of Co3S4 and CoO with Na
+.[44] In the subsequent scans, the CV 
curves show good reproducibility, suggesting the good reversibility of the electrochemical 
reactions. Figure 3b exhibits the galvanostatic charge-discharge curves of the CoO/Co3S4@N-




appear at about ~0.9 and ~1.7 V (vs. Na+/Na), respectively, agreeing well with the CV curves. 
The initial discharge and charge capacities were 1029.5 and 661.4 mA h g-1, respectively, 
corresponding to a coulombic efficiency of ~64.2%. The irreversible capacity loss in the first 
cycle is caused by the formation of a solid electrolyte interface (SEI) film at the electrode 
surface and decomposition of the electrolyte.  
  To compare the sodium storage performances of pure Co3S4, pure CoO, CoO@N-C, and 
CoO/Co3S4@N-C heterostructures, their cycling stability and rate performance were 
investigated. It is noted that the CoO@N-C electrodes exhibit better cycle stability and rate 
performance than that of pure CoO electrodes, which could be attributed to the introduction of 
soft carbon matrix (Figure S9). From Figure 3c, it can be seen that, CoO/Co3S4@N-C 
electrodes deliver much higher specific capacities and better cycling stability than pure Co3S4 
and CoO@N-C electrodes, which may be attributed to the synergistic effects of the CoO/Co3S4 
heterostructure.[45] It should be noted that the CoO/Co3S4@N-C-36 electrode delivers a high 
reversible capacity of 577.3 mA h g-1 after 60 cycles at 100 mA g-1, which is higher than those 
for CoO/Co3S4@N-C-24 and CoO/Co3S4@N-C-48, indicating that the composition of the 
heterostructures also influences their electrochemical performance. In addition to high 
reversible capacity, the as-prepared electrodes show excellent rate capabilities (Figure 3d). As 
the current density increases from 100 to 200, 500, 1000, and 2000 mA g-1, the CoO/Co3S4@N-
C-36 electrode delivers average discharge capacities of 670.0, 632.7, 603.3, 558.1, and 519.6 
mA h g-1, respectively. Even at the large current density of 5 A g-1, the electrode can still exhibit 
a high reversible capacity of 428.0 mA h g-1. In contrast, the pure Co3S4 and CoO@N-C 
electrodes show poor rate performance of less than 200 mA h g-1 at the current density of 5 A 
g-1. As shown in Figure S10, the cycling performances of the electrodes measured at 1 A g-1 
demonstrate that Co3S4 electrodes suffer quick capacity fading due to the intrinsic poor 
conductivity and serious volume change during the redox reaction process. CoO@N-C 




can be attributed to the modification of carbon matrix. Obviously, CoO/Co3S4@N-C electrodes 
possess both high reversible capacities and good cycling stability at high current density. The 
systematic electrochemical curves indicate that the as-obtained CoO/Co3S4@N-C 
heterostructures simultaneously achieve enhancements in their capacity, cycling stability, and 
rate capability. 
To further explore their interfacial electronic properties, it is worth involving density 
functional theory (DFT) calculations to study the interfacial diffusivity of the heterojunction 
structure. The crystallographic orientation relationship could be estimated based on the 
HRTEM results. As shown in Figure 4a, the Fermi level results indicate that there is obviously 
a band gap (1.91 eV) existing in the bulk CoO, indicating the low electronic conductivity of the 
bulk CoO phase. In comparison, in the case of the heterojunction structure constructed from 
CoO and Co3S4, no obviously band gap could be found at the Fermi level on the basis of the 
interfacial positions. The DFT calculated results suggest that the heterojunction structure can 
enhance the electronic conductivity, thus contributing to the fast reaction kinetics to some extent. 
Moreover, it was reported that the heterojunction structure may induce a built-in electric field, 
which will accelerate the Na+ migration rate by Coulomb forces.[46, 47] Therefore, through 
constructing CoO/Co3S4 heterostructures, their enhanced reaction kinetics and electrical 
conductivity could mutually promote the rate capability of the electrodes for SIBs. 
Table S3 presents a comparison of the sodium storage performances of the as-prepared 
CoO/Co3S4@N-C-36 electrode and of the previously reported cobalt sulfide and cobalt oxide 
materials. Overall, the results indicate that the hollow-structured hetero-CoO/Co3S4@N-C-36 
electrodes are promising anodes with a high specific capacity and rate capability. It is inferred 
that their outstanding electrochemical performance could be attributed to several advantages. 
Firstly, the combination of CoO and Co3S4 with intriguing hetero-interfaces is favorable for 
accelerating electron/ion transportation and ensuring fast kinetics at high charge-discharge 




Figure S11 demonstrate that CoO/Co3S4@N-C-36 possesses the smallest charge transfer 
resistance of 146.6 Ω (Table S4), suggesting its superior rate performance. Secondly, the 
hollow structures constructed from ultrafine CoO/Co3S4@N-C nanoparticles supply sufficient 
contact area between the electrodes and the electrolyte, and improve the utilization of CoO and 
Co3S4, ensuring high specific capacities. Thirdly, the N-doped carbon matrix can not only 
improve the conductivity of the electrode, but also buffers the volume changes of CoO/Co3S4 
during the charge-discharge process, ensuring good cycling stability. As evidenced by the ex-
situ SEM and TEM images (Figure S12), CoO/Co3S4@N-C-36 electrode could maintain its 
well-defined hollow structures even after 100 cycles, further confirming the excellent structural 
stability of the CoO/Co3S4@N-C heterostructures.  
3. Conclusion 
In summary, we developed a facile method to fabricate hetero-CoO/Co3S4@N-doped carbon 
frameworks. This method can not only form Co3S4/ZIF-67 in situ, but also produces ultrafine 
hetero-CoO/Co3S4 nanoparticles embedded in stable hollow N-doped carbon matrix. The 
heterojunction structure can enhance the electronic conductivity and induce a built-in electric 
field, which favours the fast electron transportation and Na+ migration. Benefiting from these 
unique structural features and the synergistic effects of CoO/Co3S4 heterostructures, the as-
prepared CoO/Co3S4@N-C electrodes exhibit outstanding sodium storage performance. The 
CoO/Co3S4@N-C-36 electrode displayed a high initial discharge capacity of 1201.2 mA h g
-1 
at 100 mA g-1 and also delivered excellent rate capability of 428.0 mA h g-1 at 5 A g-1. This 
novel heterostructure and its facile material preparation process may also be extended to the 
fabrication of other metal oxide/sulfide electrodes for energy storage. 
4. Experimental Section  
Materials Synthesis: Preparation of CoO/Co3S4@N-C composite: CoO/Co3S4@N-C 
composite was prepared via a two-step method. Firstly, Co3S4/ZIF-67 precursor was 




Co(NO3)2·6H2O solution was slowly added to 25 mL of 2.16 mol L
-1 2-methylimidazole 
solution under vigorous stirring. After ultrasonication for 15 min, 30 mL of 0.13 mol L-1 
thioacetamide solution (20 mL ethylene glycol and 10 mL deionized water) was added into the 
above solution. Then, the solution was loaded into a 100 mL Teflon-lined autoclave and heated 
at 180 oC for 18 h. After cooling down naturally, the Co3S4/ZIF-67 precursor was obtained by 
centrifugation, and then repeatedly washed and dried. Secondly, the Co3S4/ZIF-67 precursor 
was annealed at 450 oC for 3 h in Ar atmosphere to prepare the hetero-CoO/Co3S4@N-C 
composite.  
  To optimize the components and morphology of the composites, the concentration of 2-
methylimidazole was adjusted to obtain different CoO/Co3S4@N-C samples. The molar ratios 
of Co source to 2-methylimidazole were set to 1:24, 1:36, and 1:48, and the corresponding 
products were denoted as CoO/Co3S4@N-C-24, CoO/Co3S4@N-C-36, and CoO/Co3S4@N-C-
48, respectively. 
Preparation of CoO@N-C composite and pure Co3S4 hollow spheres: CoO@N-C 
composite was prepared according to the literature.[40] It is obtained by annealling ZIF-67 at 
530 oC for 5 min under Ar flow. Pure Co3S4 hollow spheres was also obtained via the same 
process without the addition of 2-methylimidazole. For comparation, pure CoO was bought 
from Tianjin Heowns Biochemical Technology Co., Ltd.  
Materials Characterization: The crystal structures of the samples were characterized by powder 
X-ray diffraction (XRD) on a Bruker AXS, D8 Advance spectrophotometer (Cu Kα radiation). 
The morphologies were investigated using field-emission scanning electron microscopy 
(FESEM) on a JEOL JSM-7500FA and transmission electron microscopy (TEM) on a Philips 
Tecnai 20 (200 kV), which is linked to an energy-dispersive spectral (EDS) analysis instrument. 
Thermogravimetric analysis (TGA) of the precursors were conducted in N2 atmosphere on 
Q5000 thermal analyzer (TA Instruments). The elemental compositions of the materials were 




Jarrel-Ash Corp.) and elemental analysis (EA, Perkin-Elmer 2400 Series II CHNS/O). X-ray 
photoelectron spectroscopy (XPS) was conducted on a VG Multilab 2000 (VG Inc.) 
photoelectron spectrometer using monochromatic Al Kα radiation under vacuum at 2×10-6 Pa. 
Nitrogen adsorption−desorption isotherms of the samples were conducted on a Quantachrome 
Autosorb-IQ2 analyzer at 77 K. Specific surface areas were measured by Brunauer-Emmett-
Teller analysis. 
Theoretical calculations: The calculations were performed based on the density functional 
theory (DFT) approach[49] using the DMol3[50] package. The effects of exchange correlation 
interaction were treated according to the Perdew-Burke-Ernzerhof generalized-gradient 
approximation (GGA-PBE). All-electron Kohn-Sham wave functions were expanded in a 
double numerical basis with polarized orbital (DNP).[51] Sampling of the irreducible wedge of 
the Brillouin zone was performed with a regular Monkhorst-Pack grid of special k-points 
6×6×6.[52] The convergence criteria for relaxation were 1.0 × 10-5 Ha, 0.002 Ha/Å, and 0.005 
Å for the energy, gradient, and atomic displacement, respectively. 
Electrochemical measurements: Electrochemical measurements were carried out by 
assembling CR2032 coin-type cells in an argon-filled glove box. The working electrodes were 
fabricated by fully mixing the active materials, Super P, and carboxymethyl cellulose in a 
weight ratio of 8:1:1 in deionized water to form a slurry. Then, the slurry was coated on copper 
foil and dried in vacuum at 80 ˚C for 12 h. In the two-electrode coin cells, sodium metal was 
used as counter and reference electrode, and glass fiber was used as the separator. A solution 
of 1 M NaPF6 in ethylene carbonate/propylene carbonate (v/v = 1/1) with 5 wt. % 
fluoroethylene carbonate (FEC) additive was used as electrolyte. Cyclic voltammetry (CV, 
0.01-3.0 V with the scan rate of 0.1 mV s-1) and electrochemical impedance spectroscopy 
measurements were conducted on Biologic VMP-3 electrochemical workstation. The 
galvanostatic charge-discharge curves, cycling performances, and rate performances of the as-




3.0 V. The capacities of cells were calculated based on the total weight of active materials 
including CoO, Co3S4, and N-doped carbon. 
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Figure 1. (a) Schematic illustration of the synthesis of CoO/Co3S4@N-C heterostructures, (b) 
X-ray diffraction (XRD) patterns of the CoO/Co3S4@N-C composites, (c-e) X-ray 
photoelectron spectroscopy (XPS) spectra of the CoO/Co3S4@N-C-36 composite: (c) Co 2p, 








Figure 2. (a, b) SEM images, (c, d) TEM images, (e) HRTEM image, (f) SAED pattern, and 







Figure 3. Electrochemical performances of the as-prepared Co3S4, CoO/Co3S4@N-C and 
CoO@N-C electrodes: (a) CV curves of CoO/Co3S4@N-C-36 at a scanning rate of 0.1 mV s
-1 
in the voltage range of 0.01-3.0 V; (b) discharge-charge curves of CoO/Co3S4@N-C-36 
electrode at 100 mA g-1; (c) cycling performance at 100 mA g-1 and (d) rate performance of the 







Figure 4. Density of states based on DFT calculations of the a) bulk CoO, b) CoO-Co3S4 






Unique CoO/Co3S4 heterostructures embedded in N-doped carbon frameworks are 
developed as effective nanostructured anode materials for sodium ion batteries. The novel 
heterostructures induce electric fields and improve fast reaction kinetics in Na+ transport. The 
N-doped carbon matrix ensures the stability of the electrode. Thus, the composites deliver high 
specific capacities with good cycling stability, as well as boosted rate performance for sodium 
storage.  
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